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Abstract 
High-temperature superconducting (HTS) cable has heat intrusion from the termination including joule heat generation at the 
terminal joint and from the room temperature cable through the Cu current lead. According to the length of the HTS cable, this 
heat loss may become a considerable amount which cannot be ignored in the HTS cable system. In this study, referring to a high-
voltage cable (HV cable) which was developed in M-PACC project, the effect of heat transfer at the interface between the 
terminal joint and LN2 in the terminal vessel (ho) on the temperature of the HTS cable were calculated and evaluated. The 
condition of flow in the terminal vessel was assumed to be natural convection, forced flow or static condition for evaluating this
effect with various heat transfer condition. As a result, in the case of the natural convection, most of heats flow into the LN2 in 
the terminal vessel where the volumetric flow of the LN2 is large since ho becomes high. Accordingly, the temperature rise of the 
LN2 in the inner pipe of Cu former and the terminal vessel can be restricted. However, in the cases of the forced flow and the 
static condition, most of heats flow into the LN2 in the inner pipe where the volumetric flow of the LN2 is small since ho becomes 
small. Accordingly, the temperature rise of the LN2 in the inner pipe becomes high. This temperature rise of the LN2 in the inner 
pipe makes the temperature of the HTS conductor large resulting in remarkable increase of AC losses. Consequently, on the HV 
cable design, for restriction of the AC loss increase, it is expected that designing the HTS cable termination such as extending
outer surface of the terminal joint for increasing of the heat inflow from the terminal joint to the LN2 in the vessel is effective. 
© 2014 The Authors. Published by Elsevier B.V.  
Selection and peer-review under responsibility of the ISS 2013 Program Committee. 
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1. Introduction 
Japanese national project, called “Materials & Power applications of Coated Conductors (M-PACC)”, started in 
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FY2008 [1]. In this project, a high temperature superconducting (HTS) cable using REBCO tapes has been 
developed. For operating the HTS cables in the power grid, it is necessary that the HTS tapes in the long distance 
cable are maintained at the low temperature stably and efficiently by liquid nitrogen (LN2). However the HTS cable 
has heat intrusion from the termination including joule heat generation at the joint and thermal conduction from the 
room temperature through the Cu lead. According to the length of the HTS cable, this heat loss may become a 
considerable amount which cannot be ignored in the HTS cable system. Therefore, referring to a high-voltage cable 
(HV cable) which was developed in the M-PACC project [2]-[3], effects of this heat intrusion at the terminal joint 
on the HTS cable temperature are estimated with computer simulation analysis described follow.
2. Calculation model 
The specifications of the referring HV cable for this calculation model are listed in Table 1 [2] and the schematic 
of the HTS cable termination for this model is shown in Fig.1. The terminal joint which is made of copper (Cu) is 
connected with the HTS conductor and with the outside of a terminal vessel by the Cu current lead. However, the Cu 
current lead is excluded in this model for estimating the effect of the heat transfer at the interface between the outer 
surface of the terminal joint and the LN2 in the terminal vessel on the temperature of the HTS cable. Subsequently, 
the heat intrusion from the Cu current lead is added in the heat loss at the terminal joint as an assumption. There is a 
stress-cone, which is a device to ease the electric field concentrated at the end of the shielding layer in the vessel by 
an inclined configuration and consists of the PPLP for electrical insulation, between the terminal joint and the HTS 
cable. In this stress-cone, it is assumed that the heat inflow from the Cu former to the LN2 in the vessel is insulated 
because the electrical insulation layer of the stress-cone is very thick. The total volumetric flow of the LN2 which 
flows into the vessel is assumed to be 20 liter/min. This LN2 is divided to the inner pipe of the Cu former and the 
terminal vessel at the inlet of this vessel. The LN2 divided into this vessel flows into the annulus of the HTS cable. 
The distribution ratios of the volumetric flow of LN2 to the inner pipe and the annulus are defined to be 13 %: 87 % 
which were calculated by theoretical analysis reported in [3]. The total heat loss generated in the HTS cable such as 
a dielectric loss and an AC loss is defined to be 0.8 W/m [4]. The heat inflow at the cryostat-pipe wall of the cable is 
assumed to be 1 W/m. In the HTS cable termination, the heat loss which is a total of the joule heat, the heat intrusion 
from the Cu current lead and from the vessel wall is assumed to be 410 W and be generated at the terminal joint.  
Table 1. High voltage cable specifications 
Layer Construction Diameter (mm) 
Inner pipe LN2 flow 14 
Former and HTS conductor Cu stranded hollow 400 mm2 and 2 layers YBCO tape 34 
Electrical insulation PPLP 22 mm thick 79.4 
HTS shield and Cu shield 1 layer YBCO tape and 3 layers Cu tape 310m2 85 
Annulus (Outer pipe) LN2 flow 98.5 
Fig. 1. Model of HTS cable termination 
3. Calculation method 
It is difficult to clarify the LN2 flow condition in the terminal vessel due to its complicated configuration and 
condition of the real termination design. Consequently, the effect of heat transfer from the terminal joint to LN2 in 
the vessel on the temperature of the HTS cable was evaluated using the calculation model as described in the section 
2. The flow condition in the vessel was assumed to be either natural convection, forced flow or static condition as 
typical conditions for evaluating this effect with various heat transfer conditions. In the natural convection and the 
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static condition, the minor effect of LN2 flow of 20 liter/min on the heat transfer in the vessel was ignored. And so, 
in the natural convection condition, the heat transfer coefficient were calculated with the Nusselt number as 
described in Table 2 when it is assumed that the LN2 in sealed vessel is convected due to buoyancy. In the forced 
flow condition, the heat transfer coefficient was calculated when the LN2 is circulated forcibly by the pressure pump 
from inlet at the terminal vessel to the annulus of the HTS cable through the vessel at the volumetric flow of 20 
liter/min and the velocity of 0.05 m/min. This velocity of LN2 in the vessel is much slow because the volume of the 
vessel is quite large against the volumetric flow of LN2 in the vessel. Accordingly, it can be considered that the LN2
flow is a forced laminar flow, because the Reynolds number is about 1000 in this condition. In this forced laminar 
flow, the Nusselt number and the heat transfer can be obtained as described in Table 2. In the static condition, the 
heat transfer coefficient was calculated as described in Table 2 when it is assumed that there is no LN2 flow in the 
terminal vessel and that the heat transfer is same as a purely thermal conduction case. 
The heat inflows from the outer surface of the terminal joint to LN2 in the terminal vessel (Qo) are calculated with 
three heat transfer coefficients (ho) as mentioned above. When the temperature of LN2 in the terminal vessel is 
defined to be 65 K, Qo is given as  
 65 oooo TAhQ      (1) 
where Ao is a surface area of the outer terminal joint, To is the temperature of the surface of the outer terminal joint. 
When the temperature of LN2 at the inlet of the terminal vessel is defined to be 65 K, the temperature of the annulus 
at the inlet of the HTS cable (TLN2-annulus), where the position is 0 m, is given as 
652   pooannulusLN CmQT      (2) 
where mo is mass of the volumetric flow of LN2 in the vessel, Cp is the specific heat of LN2. The heat transfer at the 
interface between the inner pipe and LN2 were calculated by computer simulation with coupling the equation of 
continuity, the Navier-Stokes equations and the convective thermal diffusion using the FLUENT which is the 
computational fluid dynamics simulation software. Accordingly, temperature distributions in the vessel including To
and the heat inflows from the terminal joint to LN2 in the inner pipe (Qi), to the Cu former at inlet of HTS cable (Qc)
can be obtained with this simulation. The longitudinal temperature distributions of the HTS cable including the 
temperature of the inner pipeat the inlet of the HTS cable (TLN2-inner) were calculated by this simulation, too. 
Table 2. Heat transfer coefficient and Nusselt number 
Condition Heat transfer coefficient Nusselt number 
Natural convection ou DN O  ^ `  > @ 1254/341232 Pr559.01Pr81.9518.0   QE ioLNo DTT [5] 
Forced flow ku DN O 7.37  [6] 
Static condition  ^ `ioi DDD ln/ O 
Nu:Nusselt number, Pr: Prandtl number,O: Thermal conductivity of LN2, Q: viscosity of LN2, E: Coefficient of  LN2 expansion, Do, Di, Dk: Outer, 
inner, hydraulic diameter of terminal vessel, To, TLN-o: Temperature of outer surface of the terminal joint and of LN2 in terminal vessel
4. Results and discussions 
The resultsof the calculations mentioned above are shown in Table 3. Figs. 2 (a)-(c) show the longitudinal 
temperature distributions which were calculated in each heat transfer condition. These distributions were calculated 
without heat inflow from the terminal joint and shown in Figs. 2 (a)-(c). As shown in Table 3, it was confirmed that 
most of the heat generated at the terminal joint hardly flows into the Cu former at the HTS cable but flows into the 
flowing the LN2 in the inner pipe and in the terminal vessel since the cross-sectional area through which the heat can 
flow from the terminal joint to the Cu former at the HTS cable is much smaller than that to the LN2 in the inner pipe 
and in the terminal vessel. When the LN2 flow condition in the vessel is assumed to be the natural convection, ho is 
as high as 75% against the total heat generated at the terminal joint flows into the LN2 in the terminal vessel since 
the heat transfer is enhanced by the convection with a high coefficient of expansion of LN2 (E) which is described in 
the Table 2. Accordingly, TLN2-inner pipe and TLN2-annulus are 66.6 K and 65.6 K, respectively. As shown in Fig. 2.(a), 
these temperatures almost agree with each other at the distance of longer than 100 m by heat flowing in the section 
which has a difference in temperature between the annulus and the inner pipe. When the LN2 flow condition in the 
terminal vessel is assumed to be forced flow or a static condition, most heat generated at the terminal joint flows to 
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the LN2 in the inner pipe where the volumetric flow of the LN2 is small because ho becomes small in the case of no 
heat transfer enhancing convection. Accordingly, TLN2-annulus hardly changes but TLN2-innner pipe increases to higher than 
70 K and the increase of the temperature of the HTS conductor (THTS conductor) becomes large since the HTS 
conductor is positioned near the inner pipe. Furthermore, a distance required for these two temperatures to be almost 
the same is 300 m, as shown in Figs. 2.(b) and (c). In the HV cable design, it was reported that critical current (Ic)
decreased to be two-thirds and the AC loss is increased twice by the increase of the HTS conductor temperature of 3 
K [2]. It indicates that the temperature increase of the HTS conductor decreases its Ic value and increases its AC loss 
remarkably. Accordingly, on the HV cable design, for restriction of the AC loss increase, it is expected that 
designing the HTS cable termination such as extending outer surface of the terminal joint for increasing of the heat 
inflow from the terminal joint to the LN2 in the vessel is effective as described in the Equation (1). 
Table 3. Calculation results of the heat transfer coefficients, the heat inflows from the terminal joint and temperatures at inlet of the HTS cable 
Flow condition in vessel ho [W/m2/K] Qi [W] Qo [W] Qc [W] TLN2 inner pipe[K] TLN2 annulus [K] T HTS conductor  [K] 
Natural convection 130 115.92㩷 294.07㩷 0.01㩷 66.58㩷 65.59㩷 66.53㩷
Forced flow condition 2.36 392.76㩷 17.13㩷 0.11㩷 70.38㩷 65.03㩷 69.93㩷
Static condition 1.28 400.41㩷 9.471㩷 0.12㩷 70.49㩷 65.02㩷 70.02㩷
ho
: heat transfer coefficient at the interface of LN2 and outer surface of the terminal joint, Qi, Qo, Qc:Heat inflow from the terminal joint to LN2 in 
the inner pipe, to LN2 in the terminal vessel, to the Cu former at the HTS cable,  TLN2 inner pipe, TLN2annlus, THTS conductor :Temperature of LN2 in inner 
pipe, annulus, HTS conductor, at inlet of HTS cable 
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Fig. 2. Longitudinal temperature distributions of HTS cable 
5. Conclusion 
The effects of heat intrusion at the terminal joint to the temperature of the HTS cable are estimated by the 
computer simulation when the LN2 flow condition in the terminal vessel is assumed to be some condition. As a 
result, in the case of the natural convection, most of heats flow into the LN2 in the vessel where the volumetric flow 
of the LN2 is large since ho becomes high. Accordingly, the temperature rise of the LN2 in the inner pipe and the 
vessel can be suppressed as compared with other conditions. The temperature rise of the LN2 in the inner pipe makes 
the temperature of the HTS conductor high resulting in remarkable increase of AC losses. Consequently, on the HV 
cable design, for suppression of the AC loss increase, it is expected that designing the HTS cable termination such 
as extending outer surface of the terminal joint for increasing of the heat inflow from the terminal joint to the LN2 in 
the vessel is effective. This effect will be evaluated and discussed quantitatively in detail as next task. 
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